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METRIC CONVERSION TABLE
For those readers who prefer to use inch-pound rather than metric units, conversion factors for the terms used in this report are listed below: Atomic Energy Commission, now assumed by the U.S. Department of Energy, was to determine the suitability of using sites in Hot Creek Valley in central Nevada for underground testing of nuclear devices of greater yield than possible at the Nevada Test Site because of potential adverse seismic effects at Las Vegas, Nevada. Investigations by U.S. Geological Survey described in this report were performed under Interagency Agreement DE-AI08-76DP00474.
Metric
Purpose and scope
The U.S. Geological Survey, in cooperation with the U.S. Department of Energy, has been making hydrologic studies of sites of underground nuclear tests in order to provide data on the occurrence, quality, and quantity of ground and surface waters that might be affected by the nuclear tests. These site studies, such as that of the Faultless event, provide data on the hydraulic properties of rocks near the site, the rate of water inflow to the rubble chimney, the distribution of radionuclides, and the capacity of ground water to affect initial transport of radionuclides away from the rubble chimney (West and Grove, 1969) .
This report presents detailed hydrogeologic data primarily from the Faultless reentry hole, UC-1-P-2SR, although some data from other boreholes are included. Only the infilling of the ground water into the rubble chimney is described; discussion of the regional flow system before and after the Faultless event is beyond the scope of this report.
The hydrogeology was investigated jointly by the U.S. Geological Survey, Teledyne Isotopes, and the Desert Research Institute before the Faultless event. Since this event, the Geological Survey, Teledyne Isotopes, and the U.S. Environmental Protection Agency have monitored water levels and radiochemical quality of ground water at the Faultless site. After 1971, Teledyne Isotopes was no longer involved.
Location of Study Area and Boreholes
The Faultless site is in Hot Creek Valley, about 97 km northeast of Tonopah, Nye County, Nevada ( fig. 1 ). The latitude is 38°38'3.4774" N.; the longitude is 116°12'55.1936" W. (Nevada central-zone coordinates N. 1,414,339.91, E. 628,920.87) at the emplacement hole, UC-1. At the reentry hole, UC-1-P-2SR, the latitude is 38 0 38'06" N.; the longitude is 116°12 t 59" W. 414, 632.50 E. 628, 982.18) . Instrument holes, UC-l-I-1 and UC-l-I-2, are located at emplacement hole UC-1 because they are within 25 m of emplacement hole UC-1 ( fig. 1 ). The abandoned reentry hole, UC-1-P-l-S, is 399 m southeast of hole UC-1. Other test holes in the study area are test holes UCE-11, UCE-17, The general hydrology and chemical data in Hot Creek Valley were reported by Dinwiddie and Schroder (1971) and by Robinson and others (1967) . Discussions of ground-water flow systems in Hot Creek Valley and vicinity were made by Fiero and others (1974) and by West and Grove (1969) . The lithology of rocks penetrated by test holes UCE-11, UCE-17, UCE-18, and UCE-20 have been presented previously (Barnes and Hoover, 1977; Corchary, 1969; Dixon and Snyder, 1977; Hoover, 1977; . Geologic effects of the Faultless event have been described by McKeown and others (1970) .
PHYSICAL SETTING
Geography
Hot Creek Valley trends northward for 110 km, and is 8 to 30 km wide, between north-trending ranges of the basin and range physiographic province. To the west, the Hot Creek Range rises to a maximum altitude of 3,111 m at Morey Peak, just west of the Faultless site. The floor of the valley ranges from about 1,580 to 1,830 m in altitude.
Climate is arid in the valley; precipitation averages 119 mm annually at the Rattlesnake Weather Station, 22 km to the south of the Faultless site in Hot Creek Valley at an altitude of 1,802 m. Average yearly temperature in Hot Creek Valley is 10.6°C; maximum recorded temperature was 39.4°C, and minimum recorded temperature was -28.3°C.
Geology
Hot Creek Valley is a large graben in which a sequence of valley fill of Quaternary and Tertiary age, about 1,220 m thick, is underlain by a thick sequence of volcanic rocks of Tertiary age. Flanking mountain ranges are large fault-block mountains, in which volcanic rocks of Tertiary age generally overlie thick carbonate rocks of Paleozoic age.
In emplacement hole UC-1, at the Faultless site, valley fill is 732 m thick, and underlain by tuffaceous sediment and zeolitized tuff to the total depth of 998 m. The section penetrated by other test holes, UCE-17, UCE-18, UCE-20, and HTH-1, contains some densely welded tuff or rhyolite in the Tertiary volcanic rocks. Lithology, hydrology, and construction of test holes HTH-1, HTH-2, and UCE-18 are presented in figure 2 . Temperature data for 1970 and 1971 in the lower part of the reentry hole, UC-1-P-2SR, are presented in figure 3 . Geophysical well logs that were run in reentry hole UC-1-P-2SR are listed in table 2. This section includes a detailed lithologic log of emplacement hole UC-1 and instrument holes UC-l-I-1 and UC-l-I-2 (table 3) ; a general description of the lithology and stratigraphy of rocks penetrated by boreholes at and near the Faultless site (table A); physical properties of rocks cored in instrument hole UC-l-I-1 and test hole HTH-1 (table 5) ; and a description of general lithologic types; all data are from a written communication from D.L. Hoover, U.S. Geological Survey, 1968. Emplacement hole UC-1, instrument hole UC-l-I-1, and test hole HTH-1 penetrated the alluvium and were bottomed in tuffaceous sediments (table 4). The alluvium consists of a matrix cemented by clay containing sand-size crystal grains and welded tuff and rare Paleozoic chert, siltstone and carbonate fragments. The matrix encloses pebble-to boulder-size fragments of welded tuff and rare Paleozoic rocks. Some welded-tuff boulders are as much as 1.5 to 3 m in diameter; however, nearly all the fragments are less than 0.5 m in diameter, and the average size of fragments larger than sand size probably is less than 15 cm. The upper 150 to 300 m of the alluvium usually -is unconsolidated. This interval may cave or erode severely during drilling, especially if the drilling fluid is water or air and water. The degree of induration of the alluvium generally increases downward, possibly because of compaction. A few thin intervals that appear to be almost entirely clay or sand were penetrated but not cored. The tuffaceous sediments are a mixture of alluvium, derived by erosion of nearby volcanic rocks and Paleozoic sediments, and tuffs deposited in Hot Creek Valley and partly reworked by erosion. The tuffaceous sediments are probably the youngest rocks in the Morey Peak-Hot Creek Valley caldera, which are derived at least partly from volcanic activity. In the vicinity of the caldera, the tuffaceous sediments probably are absent in test hole UCE-17, present in fault contact with older welded tuffs in test hole UCE-11 and unconformably overlie welded tuffs in test hole UCE-20. Dips in cores taken from instrument hole UC-l-I-1 between 945 and 959 m ranged from 5° to 15°. A few fractures were noted in the tuffaceous sediments in cores taken from instrument hole UC-l-I-1.
The tuffaceous sediments are similar in texture, fragment sizes and general appearance to the alluvium; most of the sediments were derived by erosion of nearby volcanic rocks and Paleozoic sediments as was the alluvium. However, the sediments differ from the alluvium in that:
1. They are generally more indurated, and, thus, stronger.
The induration was caused by zeolitization. Clay minerals also are a major binding material of the sediments, and probably were derived both by weathering in areas supplying sediments and by alteration of volcanic glass.
2. The sediments contain thin (less than 30 m) intervals of nonwelded zeolitized tuff, densely welded tuff, reworked ash-fall tuff, and tuffaceous sandstones and siltstones that lack the large fragments that characterize the alluvium.
3. Cores and geophysical logs indicate that bedding is better developed in the tuffaceous sediments.
4. Preservation of euhedral biotite plates in the sediments indicate only minor reworking.
DRILLING PROCEDURES AND WELL CONSTRUCTION FOR REENTRY HOLE
The post-shot reentry hole UC-1-P-2SR ( fig. 4 ) was spudded on February 19, 1968. Difficulty was experienced during drilling, including bridges, cave-ins, and loss of circulation. The hole was initially designated UC-l-P-2; from this hole, the first sidetrack hole (UC-1-P-2S) was unsuccessfully attempted at a depth of 823.0 m. A later, successful side-track hole, UC-1-P-2SR, was used as the monitoring hole. Large quantities of drilling mud and cement were lost during drilling; the quantity of mud and cement lost is not known but it may be similar to the 1,060,000 L of mud that was lost during drilling of emplacement hole UC-1. The effects of these lost materials on monitoring water levels and radiochemistry may be appreciable. casing that was cemented totally had been perforated from 349.9 to 592.8 m with one hundred forty-five 28-g shots, or one shot per 1.5 m. Finally, fluid from the decontamination pad was pumped down the tubing, while water was pumped down the casing-tubing annulus; each joint of tubing was washed into the hole as the tubing was pulled from the hole. Drilling water used was obtained from test hole UCE-18. A directional survey is presented in table 6.
RESPONSE OF AQUIFER SYSTEMS TO THE FAULTLESS EVENT
The U.S. Geological Survey monitored three test holes drilled prior to the Faultless event: HTH-1, HTH-2, and UCE-18. These test holes were sealed with inflatable packers to measure close-in seismic effects of the Faultless event ( fig. 3 ). The test holes contained instrumentation designed to record water-pressure changes taking place during and immediately after the event. The packers were installed 10 m below static water level in test hole UCE-18 and 15 m below static water level in test holes HTH-1 and HTH-2. Responses of all the sealed test holes are presented in table 7 and for two of the test holes in figure 5. Initial-pressure increase was detected 0.3 seconds after dentonation in test hole HTH-1 and at 1.8 seconds after dentonation in test hole UCE-18; these pressure increases preceded the arrival at the surface of the seismic pulse by almost 0.1 second. Maximum pressures measured in test hole HTH-1 and HTH-2 were measured after the event-induced seismic signals had subsided. At test hole UCE-18, the galvanometer was overdriven in the first pressure pulse, and no further data were measured. Subsequent monitoring of the water levels in these test holes is discussed in the following section. 
MONITORING OF WATER LEVELS
Monitoring of water levels in the postevent reentry hole, UC-1-P-2SR, and in test holes HTH-1 and HTH-2, and abandoned reentry hole UC-1-P-1S continued after the reentry hole was completed. Water levels for all these boreholes are presented in table 8 and for the reentry hole in figure 6. A diagrammatic sketch showing some water levels in the rubble chimney is presented in figure  7 ; this diagram is based on schematic cross sections presented in Teller and others (1968) . In reentry hole UC-1-P-2SR, water levels rose for the first 2 months after the end of drilling. After this time, water levels declined slowly for about 2 years, probably from water draining into the bottom of the rubble chimney. The slowness of the decline may be because of partly plugged perforations and rock pores, resulting from large quantities of drilling mud that were lost in both the reentry hole and the emplacement hole. However, during injection tests, 1,290 to 5,700 liters of water were injected into the hole. Results of chemical and radiochemical monitoring of water in test holes HTH-1, HTH-2, UCE-18, UC-1-P-1S, and UC-1-P-2SR are presented in tables 9 through 13. Chemical analyses of the water from reentry hole UC-1-P-2SR, from 1968 to 1983 indicate that the water is very similar to the water in the valley fill as represented by the water from test hole HTH-1 and very dissimilar to the water from test hole UCE-18 that was used to drill reentry hole UC-1-P-2SR.
Major-element and tritium analyses indicate three zones of water in reentry hole UC-1-P-2SR: (1) An upper zone above a depth of 594 m, (2) an intermediate zone from 594 to 728 m, and (3) a lower zone from 728 to 801 m. The upper zone, above a depth of 594 m, is similar to the sodium bicarbonate type waters found throughout the region in the tuffaceous aquifer system (Winograd and Thordarson, 1975; Claassen, 1973) . The upper zone is characterized by specific-conductance values less than 280 |jS, temperatures less than 30°C, and near-background tritium concentrations of about 1 x 10 3 pCi/L. The lower zone is characterized by specific-conductance values of 300 to 440 pS, temperatures of 37 to 55°C, and tritium concentrations of about 1 x 10 7 pCi/L. Although both the upper and lower zones contain the same major constituents of sodium and bicarbonate with minor sulfate and chloride, the lower zone has about 1.5 times the dissolved solids as the upper zone. Water in the intermediate zone, occurring between 594 to 728 m, is characteristic of dilution between the upper and lower zones.
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MONITORING PROGRAM
Since 1968, the monitoring program for reentry hole UC-1-P-2SR consisted of measurements of water level and water temperature, and collection of water samples for chemical and radiochemical analyses, generally on an annual or semiannual basis. Water samples were collected at various depth intervals, usually 17 to 30 m apart.
The present monitoring program requires quarterly measurements of depth to water and annual water sampling for chemical monitoring. Water samples are collected at points 17 to 30 meters apart; analyses of water include chemical analyses, dissolved and suspended gross-beta and gross-alpha activity, potassium-40, and tritium.
These water-level measurements and water samples have allowed the plotting of chemical time-series of the individual radiochemical constituents, as shown in figures 10 and 11. These plots show slow transient changes in the chemical time-series patterns (Keely, 1982; Keely and Wolf, 1983) .
A continuation of the chemical-monitoring program would be needed to establish the shapes of the chemical time series. The patterns could be established by annually analyzing samples of water for the following: (1) Complete chemical analysis; (2) dissolved and suspended gross-alpha and gross-beta activity; (3) potassium-40; and (4) tritium.
For most efficient operations, and to make useful interpretations, sampling needs to be done at six depths: just below water level, and at 485 m, 607 m, 668 m, 698 m, and 789 m. These six depths probably are enough to characterize the chemical time-series pattern of the infilling water in the rubble chimney at reentry hole UC-1-P-2SR. In 1993 or so, when the water level has recovered fully, a pumping test at a very slow pumping rate might be attempted. Pumping tests would provide data on aquifer characteristics, skin effect, and well-entrance losses; water samples from a larger volume of rock also might be obtained.
The following procedure needs to be followed during future sampling:
Monitoring of the water level reentry hole UC-1-P-2SR, indicates that from 1970 to 1974, the water level was 694.9 m below land surface. From 1974 to 1983, the water level rose slowly to a depth of 335.1 m. The 1983 level was about 167 m below the preevent level. In test holes HTH-1 and HTH-2, the water level rose after the Faultless event. By 1976, the water level in the test HTH-1 had declined to a depth of 161.5 m, 6.7 m above the preevent level; the water level in test hole HTH-1 had declined to a depth of 169.5 m, 2.7 m above the preevent water-level.
The water sampled from reentry hole UC-1-P-2SR is a sodium bicarbonate water containing some sulfate and minor chloride, which resembles water from test hole HTH-1 and other ground water in the region, but very different from the water from test hole UCE-18, which was used to drill the reentry hole. Tritium concentrations have fluctuated from about 106 pCi/L in 1968 through 1972, to a maximum of 9.2 x 10 8 pCi/L in 1976, decreasing to about 10 5 pCi/L in 1977, followed by a gradual increase to about 10 7 pCi/L during 1980 to 1982. After 1971, gross-beta concentrations ranged between 1.2 and 130 pCi/L, but generally were less than 10 pCi/L. Gross-alpha concentrations generally were less than 10 jJg/L from 1975 to 1982.
